The cell envelope of mycobacteria is a complex structure that plays an important role in the interactions of the cell with its environment and in the protection against the antimicrobial activity of the immune system. Glycopeptidolipids (GPLs) are species-or type species-specific glycolipids that are present at the surface of a number of mycobacteria and that are characterized by a high variability in glycosylation patterns. These GPLs possess various biological activities that depend mostly on the sugars capping the core molecule. In Mycobacterium smegmatis, the GPL core can be substituted by either two or three deoxyhexoses. In this study, we show that Gtf3 is a glycosyltransferase responsible for the synthesis of the triglycosylated GPLs. Biochemical analysis of these molecules, with a combination of mass spectrometry and chemical degradation methods, has shown that they contain three deoxyhexose moieties. The presence of the triglycosylated GPLs is associated with cell surface modifications that lead to a decrease in sliding motility as well as a modification in cellular aggregation and colony appearance on Congo red. Phylogenetic analysis indicated that Gtf3 is a member of a yet-uncharacterized glycosyltransferase family conserved among the mycobacteria.
The mycobacterial envelope confers to mycobacteria a high impermeability to chemical disinfectants and to some antibiotics and contributes also, in the case of the pathogenic species, to the ability to survive in macrophages. This envelope is composed of a plasma membrane surrounded by a complex cell wall, which in turn is covered by a superficial layer, also called a capsule in the case of pathogenic species. The cell wall consists of a monolayer of mycoloyl residues covalently linked to the peptidoglycan-arabinogalactan complex and includes other lipids which are probably arranged to form a bilayer with the mycoloyl residues. The outermost structure, composed of proteins, carbohydrates, and (to a lesser extent) lipids, represents a privileged interface between bacilli and their environment. Both the outer lipid layer of the cell wall and the outermost capsule contain species-specific glycolipids or phospholipids (8, 12, 16) . Glycopeptidolipids (GPLs) are the predominant glycolipids in members of the Mycobacterium avium complex, a group of subspecies involved in zoonotic infection and in the infection of immunocompromised patients. GPLs are also present at the surface of M. smegmatis, a saprophytic species (17) . Purified GPLs are able to disturb macrophage membrane ultrastructure (42) and to insert into phospholipid monolayers (47) or to inhibit nonopsonic phagocytosis of mycobacteria by human macrophages (48) , thus suggesting a potential role in the virulence of mycobacteria. It has been shown that GPLs can decrease the phosphorylation efficiency of isolated mitochondria without modifying the active respiration (30) . GPLs also play a role in sliding motility and in biofilm formation (33) , probably through the interaction between the support and the bacterial surface.
GPLs are made of a tripeptide-amino alcohol core (D-Phe-D-allo-Thr-D-Ala-L-alaninol) linked to a fatty acyl residue. This lipopeptide core is invariably substituted with 6-deoxytalose (dTal) linked to the allo-Thr residue and an O-methylated rhamnosyl (Rha) unit linked to the terminal alaninol residue to generate the nonspecific apolar GPLs (Fig. 1A) (3) . In M. smegmatis, dTal can be acetylated, while the fatty acid and the rhamnosyl residue can be modified with one and three methyl groups on position 2, 3, or 4, respectively (26, 44) . In addition, polar GPLs have been recently identified for M. smegmatis: triglycosylated GPLs (Fig. 1A , GPL IIb and GPL IIIb) are synthesized in glucose-limited culture (37) . The additional sugar was later identified as rhamnose on position 2 of the first rhamnosyl residue (36, 48) . Polar GPLs with a succinyl residue acylating the terminal rhamnosyl unit (Fig. 1A , GPL IIIa and GPL IIIb) have also been characterized for M. smegmatis (48) .
In a recent study, the polar GPLs of M. smegmatis were shown to be more active than the apolar forms in the inhibition of nonopsonic phagocytosis of mycobacteria by human macrophages (48), indicating the major role of sugars in the biological activities of GPLs.
The GPL biosynthetic gene cluster of M. smegmatis was characterized in 1999 through the identification of a morphological transpositional mutation in a gene encoding a nonribosomal peptide synthase (mps) involved in the biosynthesis of the peptide core of GPLs (5) . Five genes responsible for the addition of various substitutions on the lipopeptide core have since been identified: atf1 encodes the acetyltransferase (44) and fmt, rmt2, rmt3, and rmt4 encode the four methyltrans-ferases (25, 26, 40) (Fig. 1B) . The rmlA and rmlB genes may be involved in rhamnose biosynthesis, according to their sequence homology with rmlA of M. tuberculosis and gepiA of M. avium, respectively (13, 25, 31) . Rv1174c is uncharacterized, and nothing is known about the three putative glycosyltransferases (gtf1, gtf2, and gtf3 genes) present in the GPL locus. The only glycosyltransferase involved in GPL biosynthesis characterized so far for mycobacteria is RtfA of M. avium (4) . Heterologous expression of the rtfA gene in M. smegmatis as well as allelic exchange in M. avium have proven that RtfA transfers a rhamnosyl residue onto dTal in the M. avium polar GPLs (20, 34) .
In this study, we show by using a combination of mass spectrometry and chemical degradation methods that Gtf3 in M. smegmatis is responsible for the synthesis of the triglycosylated forms of GPLs, which contain three deoxyhexose moieties. A phylogenetic analysis shows that Gtf3 belongs to a family of glycosyltransferases which includes RtfA and which is conserved across the mycobacterial genus.
MATERIALS AND METHODS
Bacterial strains, medium, and growth. Escherichia coli DH5␣ was used to propagate plasmids and was grown in LB medium. M. smegmatis strain mc 2 155 (46) was grown in LB or M9 medium (Difco). When required, antibiotics were added to the medium at the following concentrations: kanamycin, 25 g/ml, or hygromycin, 50 g/ml (200 g/ml for E. coli).
Construction of the glycosyltransferase expression plasmids. The wild-type gtf1 gene (GenBank accession number AY138899) coding sequence was amplified by PCR with Pfu Turbo DNA polymerase (Stratagene), with M. smegmatis mc 2 155 genomic DNA as the template and primers gtf1_trans.5 and gtf1_trans.3 (Table 1) . After purification with a QIAGEN PCR purification kit, PCR products were digested with XbaI and cloned into the dephosphorylated integrative expression vector pNIP40b at the unique XbaI site to generate pNIPgtf1 (18) . Enzymatic digestions were used to select clones having the gtf1 gene inserted in the opposite orientation of the hygromycin resistance gene. One clone was selected and sequenced. A similar strategy was applied to clones gtf2 (GenBank accession number AY138899) (using the primers gtf2_trans.5 and gtf2_trans.3) and gtf3 (GenBank accession number AY138899) (using the primers gtf3_trans.5 and gtf3_trans.3) in pNIP40b, yielding pNIPgtf2 and pNIPgtf3. These plasmids were electroporated into M. smegmatis mc 2 155, and the transformants were selected on hygromycin and named mc 2 gtf1, mc 2 gtf2, and mc 2 gtf3. RNA isolation and RT-PCR assay. Total RNA was extracted from 5 ml of log phase cultures of M. smegmatis mc 2 155 and gtf-overexpressing strains grown in M9 medium. Bacterial cells were pelleted by centrifugation for 15 min at 4,000 ϫ g, resuspended in 350 l of RLT buffer (RNeasy mini kit; QIAGEN) containing 0.1% of ␤-mercaptoethanol, and transferred to lysing matrix B tubes (Polylabo) containing 0.1-mm silica beads. The mixtures were homogenized in a FastPrep FP120 instrument for 60 s at speed 6.5. After a short centrifugation, nucleic acids in the supernatants were precipitated with 0.7 volume of ethanol and the RNA were purified using an RNeasy mini spin column. Contaminating DNA was removed by digestion with DNase I according to the manufacturer's instructions (Roche Molecular Biochemicals). The DNase I enzyme was removed with two phenol-chloroform-isoamylalcohol extractions, followed by ethanol precipitation. Reverse transcriptase PCRs (RT-PCR) were carried out as described previously (10) , and the PCR products were then resolved by horizontal electrophoresis on a 1.5% agarose gel. Aggregation assay. Bacteria were grown to stationary phase. Unicellular mycobacteria were separated from aggregates by sedimentation (1 g) for 10 min. The optical density at 600 nm (OD 600 ) of the supernatant was measured and compared to the OD 600 of resuspended cultures where the aggregates were broken up by vortexing with glass beads. The aggregative index was calculated as the ratio between the two OD 600 (adapted from reference 22). The aggregation assay was performed in triplicate.
Congo red assay. Bacteria were grown to stationary phase, and 2 l was dropped on LB medium (Difco) supplemented with 1.5% agar and 100 g/ml Congo red (Sigma). The plates were scored for colony morphology and Congo red staining after 3 weeks at 37°C (11) .
Sliding motility. Liquid culture (10 l) was dropped on plates containing 7H9 medium without any added carbon source (0.3% agar) and incubated at 37°C for a week.
Extraction and purification of mycobacterial lipids. Since it has been shown that polar GPLs are produced in nutrient starvation (36) , strains were cultured in M9 medium (0.4% glucose). Lipids were extracted from cell pellets with a mixture of chloroform and methanol as previously described (48) . The extracts were dried under vacuum and partitioned between water and chloroform (1:1, vol/vol). The organic phases were extensively washed with distilled water and evaporated to dryness. The lipid extracts were dissolved in chloroform and analyzed by thin-layer chromatography (TLC) on silica gel Durasil 25-precoated plates (0.25-mm thickness; Macherey-Nagel). The GPLs were resolved by TLC run in chloroform-methanol (9:1, vol/vol) and visualized by spraying the plates with 0.2% anthrone in concentrated sulfuric acid, followed by heating at 110°C. The purification of GPLs was completed by deacylating the lipids with 0.1 M KOH, according to the method of Brennan and Goren (7), and then extracting the alkali-resistant GPLs with chloroform.
Analytical procedures. Four different chemical degradation methods were applied to the GPLs (48): (i) de-O-acylated and both de-O-acylated and ␤-eliminated GPLs were obtained from treatment of native GPLs with 0.5 M sodium methanolate for 2 h at 37°C; (ii) perdeuteriomethylation of GPLs was carried out according to the method described by Blakeney and Stone (6), with trideuteriomethyl iodide (ICD 3 ) as the methylating agent; (iii) the N-acyl-phenylalanyl moiety of GPLs was produced as methyl ester from native GPLs by methanolysis with anhydrous 1.5 M CH 3 OH-HCl for 16 h at 80°C; and (iv) the partially O-methylated alditol acetate derivatives were obtained from perdeuteriomethylated GPLs after hydrolysis with 2 M trifluoroacetic acid (100°C, 2 h), reduction with NaBH 4 , and acetylation with 1:1 acetic anhydride-pyridine (100°C, 1 h). The native GPLs as well as the products resulting from the chemical degradations were analyzed by matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry. MALDI-TOF mass spectrometry detection in reflectron mode was performed on an Applied Biosystems 4700 Analyzer mass spectrometer (Applied Biosystems, Framingham, MA) equipped with an Nd: YAG laser (355-nm wavelenth, Ͻ500-ps pulse, and 200-Hz repetition rate). Shots (2,500) were accumulated in positive ion mode, and mass spectrometric data were acquired using the instrument default calibration. GPL samples were dissolved in chloroform, at a concentration of 1 mM, and were directly spotted onto the target plate as 0.5-l droplets, followed by the addition of 0.5 l of matrix solution. Samples were allowed to crystallize at room temperature. The matrix used was 2,5-dihydroxybenzoic acid (10 mg/ml) in CHCl 3 -CH 3 OH (1:1, vol/vol).
Phylogenetic analysis. The NCBI website (http://www.ncbi.nlm.nih.gov /BLAST/) was searched with the BLASTP program, using M. smegmatis Gtf3 as a query and a cutoff limit of 50% identity. Sequences of M. avium were downloaded from the NCBI website, and those of M. tuberculosis and M. leprae genomes were downloaded from the Pasteur GenoList website (http://genolist .pasteur.fr/). Protein sequences were aligned using the MultAlin program (14) , and a phylogenetic tree was inferred.
RESULTS
Gtf3 overproduction alters cell surface properties. The genetically manipulable mc 2 155 strain of M. smegmatis has recently been shown to produce low levels of polar GPLs; particularly, the triglycosylated GPLs were not detected in this strain (21) . Thus, we reasoned that the mc 2 155 strain could be used to identify and characterize the enzyme involved in the synthesis of these forms of GPLs. Consequently, we overproduced the three glycosyltransferases (Gtf1, Gtf2, and Gtf3) whose genes are found in the GPL locus by cloning the corresponding open reading frames into a mycobacterial integrative expression vector. Each integrative plasmid was introduced into mc 2 155, and the transformants were named mc 2 gtf1, mc 2 gtf2, and mc 2 gtf3. Overexpression of the gtf1, gtf2, and gtf3 genes was confirmed by semiquantitative RT-PCR. In the three overexpressing strains, the transcription level of each gtf gene was strongly increased compared to levels in the wild-type strain (Fig. 2) . The modification of the cell surface properties of these strains was monitored by measuring aggregative properties of the bacterial cells. Strain mc 2 gtf3 aggregated approximately four times more than did the wild-type, mc 2 gtf1, and mc 2 gtf2 strains, indicating a modification of the cell surface in strain mc 2 gtf3 (Fig. 3A) . The phenotypes of these strains were also investigated on Congo red agar plates. Congo red is a vital dye that binds to lipoproteins or lipids present on the mycobacterial surface (39) and is used to characterize modifications affecting the cell wall (11, 22, 29 supporting a modification of the cell envelope of this strain (Fig. 3B) . In various bacterial species, cell surface molecules have been shown to play an active role in motility (24, 49) . The four strains were therefore assayed for sliding motility. The sliding ability of strain mc 2 gtf3 was noticeably diminished compared to that of the wild-type strain (Fig. 3C) , whereas strains mc 2 gtf1 and mc 2 gtf2 retained the ability to slide as the wild-type strain (data not shown).
In conclusion, the overexpression of the gtf3 gene in M. smegmatis induces modifications in the phenotype on Congo red plate, as well as the ability to slide and to aggregate. This suggests that gtf3 overexpression leads to cell surface modification. None of these traits was observed in the case of mc 2 gtf1 or mc 2 gtf2. However, it is possible that the overexpression of gtf1 and gtf2 leads to subtle cell wall modifications investigated in the next section that could not be detected using these macroscopic assays.
Gtf3 overproduction leads to the accumulation of triglycosylated GPLs. To check whether the overexpression of the three gtf genes alters the GPL profiles in these strains, the whole lipids were extracted and analyzed by TLC (Fig. 4A) . As already described (21), strain mc 2 155 mainly produced apolar GPLs (GPL I). No difference between the TLC profiles of strains mc 2 155, mc 2 gtf1, and mc 2 gtf2 was observed. In contrast, the TLC profile of strain mc 2 gtf3 was shifted towards the polar forms of GPLs. As a consequence, the apolar GPLs were almost absent, all presumably being converted into the polar forms. In control experiments, the TLC analysis of the whole lipids extracted from the various strains showed that the modifications of the GPL profiles were the only difference in the lipid contents of the wild type and the gtf-expressing strains (data not shown).
To further characterize the nature of the GPLs produced in strain mc 2 gtf3, MALDI-TOF mass spectrometry analysis was performed on the lipids produced by strain mc 2 gtf3 and by the wild-type strain mc 2 155 (Fig. 4B) . The MALDI-TOF mass spectrum of the native mc 2 155 GPLs (Fig. 4B) showed a series of major pseudomolecular ion [M ϩ Na] ϩ peaks at m/z 1,257.7, corresponding to the already-described apolar GPLs of M. smegmatis mc 2 155 (21). In addition, a series of minor peaks corresponding to succinylated GPLs (48) was also detected at m/z 1,343 (Fig. 4B) . On the other hand, the [M ϩ Na] ϩ peaks of the GPLs produced by mc 2 gtf3 were observed at m/z 1,403.7 and 1,417.7 for the major species and at m/z 1,503.7 and 1,517.7 for the minor ones (Fig. 4B) . As described recently, the polar GPLs differ from the apolar GPLs by the addition of a rhamnosyl residue (triglycosylated GPLs) or a succinyl residue (succinylated GPLs) linked to the terminal rhamnosyl unit (35, 47) (Fig. 1A) . Thus, the m/z values of the mc 2 gtf3 GPLs that were consistently 160 or 174 atomic mass units (amu) higher than those of mc 2 155 probably correspond to the addition of a deoxyhexose unit with various O-methyl substituents but not to the addition of a succinyl residue. The relative intensities of mass peaks were measured, and the results are summarized in Fig. 4C . Strain mc 2 155 synthesized a majority of GPL I and 20% of GPL IIIa, the diglycosylated form with a succinyl residue on the rhamnose, whereas the triglycosylated forms were only just above the detection threshold. According to the observed pseudomolecular mass, mc 2 gtf3 is likely to synthesize only GPL IIb and GPL IIIb, corresponding to the triglycosylated forms of GPLs with or without the succinyl residue, respectively (Fig. 4) .
Characterization of the polar GPLs produced by strain mc 2 gtf3. The structures of the GPLs produced by strain mc 2 gtf3 were determined by the analysis of the chemical degradation products as reported by Villeneuve et al. (48) . The alkaliresistant GPLs were purified by deacylating the lipids with 0.1 M KOH. The resulting de-O-acylated GPLs of mc 2 155 displayed m/z values of 84 (major peaks) or 184 (minor peaks) amu lower than those of the corresponding native GPLs (Table  2) . These values are consistent with the presence of two acetyl groups substituting the deoxytalosyl moiety (major GPL I and minor GPL IIIa) plus the succinyl residue acylating the terminal rhamnosyl residue (minor GPL IIIa). The alkali treatment of the GPLs by Na methanolate led to ␤-elimination of the di-O-acetylated deoxytalosyl residue (9) , resulting in a 248-amu decrease of the m/z values ( Table 2) . The m/z values of the ␤-eliminated GPLs purified from mc 2 gtf3 retained the 160-to 174-amu difference with the alkali-treated GPLs of mc 2 155 ( Table 2 ), implying that the putative additional deoxyhexosyl unit was not substituting the 6-deoxytalosyl residue. Methanolysis of the GPLs eventually resulted in the release of the acyl-Phe or acyl-Phe-allo-Thr-Ala methyl ester moiety of the lipopeptidic core. Whatever the origin of the methanolysed GPLs, the mass spectra of the acyl methyl esters showed the same pseudomolecular peaks ( Table 2 ), implying that the major fatty acyl residue was C 28 (OCH 3 ):0 (21) in both strains. These results demonstrated that the putative additional deoxyhexose was substituting the rhamnosyl residue linked to the alaninol end. Acid hydrolysis of the perdeuteromethylated GPLs, followed by reduction, acetylation, gas chromatography, and gas chromatography-mass spectrometry (GC-MS) analysis of the sugar derivatives (48) , identified in the mc 2 155 strain (Fig. 5A ) two alditol acetate peaks by use of authentic standards. Analysis of the fragmentation patterns of the eluted compounds (data not shown) demonstrated that the first peak corresponded to a 1,5-di-O-acetyl-2,3,4-O-CD 3 -6-deoxytalosyl unit (terminal 6-deoxytalose). The second peak contained per-Omethylated rhamnosyl residues (terminal rhamnose) composed mainly of 1,5-di-O-acetyl-2,3,4-tri-O-CH 3 -rhamnosyl (33%) and 1,5-di-O-acetyl-2-O-CD 3 -3,4-di-O-CH 3 -rhamnosyl (53%) residues. The two peaks with retention times similar to those of the mc 2 155 strain observed in the mixture of alditol acetates obtained from the mc 2 gtf3 perdeuteromethylated GPLs (Fig. 5B) contained the same terminal hexose derivatives. The additional peak observed in the GC-MS spectrum of the mc 2 gtf3 perdeuteromethylated GPLs (Fig. 5B) 155 were the diglycosylated apolar GPL I (Fig. 1A) , which contained mainly a 6-deoxytalosyl residue linked to allo-threonyl and a 2,3,4-tri-O-CH 3 -rhamnosyl residue attached to the alaninol residue. Likewise, the major GPLs of strain mc 2 gtf3 were the triglycosylated polar GPL IIb (Fig. 1A) , in which a diglycosyl unit composed of one 3-O-CH 3 -rhamnosyl and one 3,4-di-O-CH 3 -rhamnosyl residue modified the alaninol end of the lipopeptidic core. All together, these results indicate that Gtf3 is responsible for the synthesis of the triglycosylated forms of the GPLs.
Phylogenetic analysis of related mycobacterial glycosyltransferases. To test whether Gtf3 homologs were present in other species, a BLASTP analysis was carried out. The bioinformatic search allowed us to identify eight homologs with a value above the cutoff limit. The identities between homologs ranged from 52 to 62%. These homologs were present exclusively in the mycobacterial genus. Indeed, two other putative glycosyltransferases in M. smegmatis (Gtf1 and Gtf2, with 59 and 62% identity, respectively) we examined in this study are also homologs, and three homologs are present in M. avium (GtfA, GtfB, and RtfA, with 61, 61, and 59% identity, respectively). Gtf3 has two homologs in M. tuberculosis (Rv1524 and Rv1526c, with 56 and 52% identity, respectively) and one in M. leprae (ML2348, with 56% identity). These homologs are characterized by a predicted glycosyltransferase domain of 150 amino acids that is located in the amino-terminal region of the protein. This domain is predicted to contain the sugar binding site (15) .
The Gtf3 homologs having the strongest identity to Gtf1 and Gtf2 of M. smegmatis, and GtfA, GtfB, and RtfA of M. avium are all located in a locus dedicated to GPL biosynthesis. Interestingly, RtfA has also been shown to transfer a rhamnosyl residue but on a deoxytalose moiety. A phylogenetic tree was inferred from amino acid sequence alignment of the various Gtf3 homologs and is shown in Fig. 6A . Four mycobacterial glycosyltransferases that were functionally characterized were added to this tree (Fig. 6B) . Indeed, Rv2962c, Rv2957, and Rv2958c are involved in the glycosylation of phenolglycolipids of M. tuberculosis (41) and Rv3265c is required for the attachment of the rhamnosyl unit of the arabinogalactan to the peptidoglycan (35) . Although the predicted glycosyltransferases of M. tuberculosis (Rv1524 and Rv1526c) and M. leprae (ML2348) are located on branches distinct from those of M. smegmatis and M. avium (Fig. 6A) , they are also evolutionarily distinct from Rv2962c, Rv2957, Rv2958c, and Rv3265c (Fig. 6B) .
DISCUSSION
Glycopeptidolipids are small molecules of the mycobacterial cell surface that present great diversity in their glycosylation patterns (16) . The glycosyl substitution is variable from species to species but can also be variable from isolate to isolate (19, 27) . These surface molecules, which are highly antigenic, have been used to produce monoclonal antibodies that are used in serodiagnostic tests (23) . In this study, we have shown that Gtf3 is responsible for the production of the triglycosylated forms of GPLs in M. smegmatis. Although the predicted amino acid sequence and the biochemical experiments strongly suggest that Gtf3 is a rhamnosyltransferase, the final demonstration will involve the development of an in vitro-reconstituted assay. Indeed, one may argue that Gtf3 could be only an accessory protein required for the activity of the glycosyltransferase. From a mechanistic point of view, Gtf3 could either add one rhamnosyl unit on position 2 of the rhamnosyl residue attached to the alaninol end of the lipopeptide core or both rhamnosyl units on the apolar GPL core. The enzymology of the transfer of rhamnose units remains to be characterized. The approach of expressing the gtf3 gene from a heterologous promoter has been successful because M. smegmatis mc 2 155 does not produce detectable quantities of polar GPLs (21) . This finding is fortunate as ATCC 607, which is the ancestor of M. smegmatis mc 2 155 and does produce significant amounts of polar GPLs (21), is not genetically easily tractable (46) . The difference in distribution between apolar and polar forms of these two isolates remains to be understood. The production of these particular forms of GPLs may be highly regulated and may be controlled under special circumstances that remain to be determined.
In M. smegmatis, triglycosylated GPLs have been reported to be produced in late stationary phase and under conditions of low carbon source (37) . One may hypothesize that these polar GPLs possess biochemical properties that protect the cell from the environment encountered in these conditions. It is very likely that the distinct physicochemical properties of the polar GPLs alter the nature of the interaction with the environment, leading to the various phenotypes observed.
M. smegmatis and M. avium contain, respectively, two (Gtf1 and Gtf2) and three (GtfA, GtfB, and RtfA) putative glycosyltransferases that are highly similar to Gtf3. In both species, the predicted glycosyltransferases are located in a locus dedicated to GPL biosynthesis. This observation suggests that in M. smegmatis, Gtf1 and Gtf2 are responsible for adding the talose and the rhamnose moieties on the tripeptide-alcohol core. Consequently, the function of Gtf1 and Gtf2 will only be amenable to study by the construction of the knockout mutants.
Phylogenetic analyses have shown that the genome of M. tuberculosis contains two homologs of Gtf3. These two members of the Gtf3 family, Rv1524 and Rv1526c, are located in a region that has not yet been functionally characterized. Interestingly, Rv1525, which is located between the two Gtf3 homologs, is annotated as a putative glycosyltransferase but is from a phylogenetically distinct origin. Neither of these two predicted glycosyltransferases has been characterized so far. Interestingly, the corresponding genomic region is deleted in M. bovis BCG, the attenuated strain that is used as a vaccine in humans (9) . It can therefore be hypothesized that M. tuberculosis produces a glycosylated product that is absent from M. bovis BCG. Recently, a number of glycosyltransferases of M. tuberculosis have been characterized. This is the case for Rv2962c, Rv2957, and Rv2958c, which are involved in the glycosylation of the phenolglycolipid, a molecule related to the virulence of the tubercle bacilli (41) . The Rv3265c gene (WbbL), which has been shown to attach the rhamnosyl unit of the arabinogalactan to the peptidoglycan, is essential for both M. smegmatis and M. tuberculosis (35, 45) . Interestingly, Rv2962c, Rv2957, Rv2958c, and Rv3265c are all rhamnosyltransferases but they are evolutionarily distinct from Gtf3. It is striking that Rv2957, a rhamnosyltransferase involved in phenolglycolipid modification, is evolutionarily closer to WbbL, required for the attachment of the rhamnosyl unit of the arabinogalactan to the peptidoglycan, than are the two other glycosyltransferases involved in the phenolglycolipid glycosylation. One may speculate that the evolutionary grouping is due either to the substrate specificity or to the mechanism of transfer. According to the CAZy classification, both Rv2958c and Rv2962c as well as the Gtf3 orthologs are part of the GT1 family (15) . This GT1 family is widely distributed from bacteria to humans and is characterized by a hexose-transferring activity on a variety of small molecules. The nature of the glycosylation pattern greatly influences the biological activity of the modified molecules. This is true for viruses for which glycosylation of the surface alters the entry into the host cell (1, 32) . Similarly, glycosylation of nodulation factors has been shown to change rhizobium-host specificity (28) . Glycosyltransferases have very high donor and acceptor substrate specificities and are in general limited to the establishment of one glycosidic linkage (43) . The consequence is that glycosyltransferases show a limited similarity between them, and it is practically impossible to infer from the amino acid sequence the nature of the sugar that will be transferred, as well as the nature of the molecule that will accept the sugar. However, genomic analyses of the galactosyl-and fucosyltransferase families have shown that the glycosyltransferases tend to group according to the nature of the sugar that is transferred and the nature of the saccharidic linkage (2, 38) . A collaborative effort between genetics, biochemistry, and structural biology will clearly help to unravel the specificity of these sugartransferring enzymes.
